Abstract. The entrapment efficiency (EE) and release in vitro are very important physicochemical characteristics of puerarin submicron emulsion (SME). In this paper, the performance of ultrafiltration (UF), ultracentrifugation (UC), and microdialysis (MD) for determining the EE of SME were evaluated, respectively. The release study in vitro of puerarin from SME was studied by using MD and pressure UF technology. The EE of SME was 86.5%, 72.8%, and 55.8% as determined by MD, UF, and UC, respectively. MD was not suitable for EE measurements of puerarin submicron oil droplet, which could only determine the total EE of submicron oil droplet and liposomes micelles, but it could be applied to determine the amount of free drug in SMEs. Although UC was the fastest and simplest to use, its results were the least reliable. UF was still the relatively accurate method for EE determination of puerarin SME. The release of puerarin SME could be evaluated by using MD and pressure UF, but MD seemed to be more suitable for the release study of puerarin emulsion. The drug release from puerarin SME at three drug concentrations was initially rapid, but reached a plateau value within 30 min. Drug release of puerarin from the SME occurred via burst release.
INTRODUCTION
Submicron emulsion (SME), also referred to as lipid emulsion or lipid microsphere, is a potentially interesting drug delivery system (1) . It can reduce drug hydrolysis and increase drug bioavailability (2) . The SME system has gained increasing importance for the administration of those drugs which are poorly soluble in water and oils and simultaneously toxiferous for intravenous injection. The SME system also enhances the activity and bioavailability of these drugs (3, 4) . Reports on the ability of these systems to enhance the drug solubility and efficacy and to reduce side effects by incorporating the drug into the lipophilic core (of the oil droplets or in the core of micelles) or in the interface have appeared in the literature (5) (6) (7) (8) .
The entrapment efficiency (EE) is one of the most important physicochemical characteristics of puerarin SME. Accordingly, it is of crucial importance to accurately quantify the EE of SME. Many methods have been used to evaluate the EE of SME, including dialysis bag diffusion, gel filtration, ultrafiltration (UF), and ultracentrifugation (UC) (9) (10) (11) (12) . The application of UF to the separation of free drug from SME has been extensively examined in a variety of practical applications (11, 13) . Among these methods, UF is the most widely used technique for determining the EE of nanoparticles, including SME.
Recently, the microdialysis (MD) technique has also been used to determine the EE of nanocapsules, nanospheres, and nanoemulsions (14) . As far as nanoparticle loading of drugs is concerned, free drug would diffuse into the probe because there is a concentration gradient of free drug from the outside to the inside of the MD fiber. The molecular weight cutoff of the MD membrane is such that nanostructures and, therefore, the incorporated drug cannot cross the membrane. Convection continually renews the solution around the probe, keeping the concentrations of all components outside the probe at the bulk solution concentration. Because little drug is actually removed from the sample, the overall free drug concentration remains essentially constant during the experiment. Also, because MD does not change the fluid volume, the total drug concentration remains constant. Therefore, the equilibrium of entrapped and free drug is not disturbed by this technique.
In addition, the UC technique has also been used to determine the EE of SME because it can be used to separate oil droplets and most of the aqueous phase from the emulsion (15) . It is based on the different sedimentation velocities of mixtures with different densities. After an initial cream layer formation, where most of the oil droplets are centrifuged to the top of the tube and compressed, the water phase of free oil is observed. But considerable breakdown of the SME is achieved during prolonged centrifugation, the redistribution of drug molecules will probably occur, which calls into question the reliability of the EE evaluation by means of UC.
Puerarin, a naturally occurring isoflavone C-glycoside (Fig. 1) , was isolated from Pueraria lobata, one of the most popular traditional Chinese herbal medicines. It was traditionally used to reduce febrile symptoms, decrease myocardial consumption of oxygen, increase coronary artery blood flow, and improve microcirculation (16) (17) (18) . Due to poor oral bioavailability, the commercial product puerarin i.v. was widely used for the treatment of coronary artery disease, ischemic heart disease, cerebrovascular disease, coronarism, cerebral angiospasm, cerebral infarction, and cerebral thrombosis in clinic (19, 20) . But the clinical efficacy of puerarin i. v. was limited by severe and acute toxic side effects, such as intravenous hemolysis (21, 22) . In the present study, a new formulation, puerarin SME, has been developed. Puerarin was incorporated into the SME, which could be responsible for reducing the hemolysis side effect (23) . As shown in Fig. 2 , there could be drug molecules in the aqueous phase, the oil-water phase, and the oil phase, respectively. Puerarin with aqueous solubility of about 3.46 mg/mL was poorly soluble in oil (24) . There was insufficient loading capability in the aqueous and oil phases simultaneously, most of the drugs might be present in the interfacial surface where the molecules of the surfactant were arranged in order between the aqueous and oil interface with puerarin molecules located between them. So, it was very necessary to evaluate the EE and in vitro release character of puerarin SME.
The main objectives of this study were: (1) to evaluate MD and UC as techniques for determining the EE of puerarin SME, UF as reference technique to determine the EE of SME; (2) to evaluate the release character in vitro of puerarin SME. In vitro release studies were performed using by MD technology, and pressure UF technology as reference technique to determine the in vitro release of puerarin.
MATERIALS AND METHODS

Materials
Puerarin was obtained from Xian-guochui, purity 99.5% (Xi'an, China). Egg phospholipids was purchased from Huaqing-mei-hen, purity 82% (Beijing, China). Purified soybean oil for parenteral use (Tieling BeiYa Pharmaceutical, Tieling, China), synperonic F68 (BASF AG, Germany). All other chemicals and reagents were of analytical or chromatographic grade.
The MD probes were U-shaped, made of hollow cellulose fibers (DM-22, 200 μm inner diameter and 220 μm outer diameter, with a cutoff at a nominal molecular weight of 5,000 Da; Eicom, Japan), and the active region of the MD probe was 10 mm in length.
Preparation of Puerarin Submicron Emulsion
The basic formula of the SME was: soybean oil, 12 g; egg phospholipids, 1.2 g; synperonic F68, 0.1 g; glycerol, 2.5 g; α-tocopherol, 300 mg; puerarin, 1 g; double-distilled water, 90.0 g.
The preparation of the puerarin SMEs involved six steps, as follows:
(a) Preparation of the puerarin phospholipids complexes:
Weighed amount of puerarin and phospholipid at a weight ratio of 1:1.2 were placed in a 100-mL roundbottom flask and 60 mL of absolute alcohol was added. The mixture was refluxed at a temperature not exceeding 60°C for 3 h. The resultant clear solution was dried at 40°C under vacuum to remove traces of solvents in order to obtain the puerarin phospholipid complexes. (b) Preparation of the lipid phase: The puerarin phospholipid complexes and α-tocopherol were dissolved in soybean oil at 55°C. (c) Preparation of the water phase: The water, synperonic F68, and glycerol were mixed at 55°C. The proposed structure of puerarin SME (d) Preparation of the coarse emulsion: The lipid phase was stirred at 55°C at 2,000 rpm by high-speed stirrer, and the water phase was slowly injected into the lipid phase to obtain coarse emulsion. (e) Homogenization: A fine emulsion was prepared by passing the coarse emulsion through a high-pressure homogenizer (GYB40-10S, Donghua Homogenization Apparatus, China).Homogenization conditions were typically 80-120 MPa and five to 20 cycles at 25°C. Afterwards, the pH was adjusted to 6-7 with 0.1 N sodium hydroxide solution. (f) Sterilization: The emulsion was packed in 15 mL sterile glass vials under nitrogen. The vials were sealed and the emulsion was sterilized by autoclaving (autoclaving sterilization cabinet, YZM-03BS, Haoersheng Sterilization Apparatus, China) at 121°C for 15 min.
Particle Size of SME Measurements of the particle size and mean diameter of the emulsion were performed using a Malvern Zetasizer (Malvern Instruments, Malvern, UK). The obtained distribution was a volume distribution; as characterization parameters, the LD diameters 50%, 90%, 95%, and 99% were calculated. For example, a diameter 90% (D 90 ) meant that 90% of the volume of the particles was below the given size in nanometers. The width of the particle size distribution was expressed as the span of dispersity (SD) (25) :
Light Microscopy Analysis
Light microscopy was performed by a BH-2 microscope (Chongqing, China). The magnification selected was 1,500-fold, oil immersion applied. Emulsion was undiluted to analyze. Typically, 20 microscopic fields were analyzed under polarized light for the detection of remaining drug crystals.
Liposomes Micelles Size Measurement
The mean diameter and size distribution of small liposomes micelles in the aqueous layer after UC were also examined by the dynamic light scattering technique with the NicompTM 380 Particle Sizing System (Santa Barbara, USA).
Conditions of High-Performance Liquid Chromatography
A HP 1100 chromatographic system consisting of a quaternary pump (G1100A Quat Pump, Agilent), degasser, diode array detector (G1100A DAD, Agilent), and HP Chemstation Data system (Agilent Technologies, Palo Alto, CA, USA) was used. Chromatographic column Spherisorb ODS C18 (250×4.6 mm, 5 μm) was used for chromatographic separation.
The mobile phase consisted of a mixture of methanol-H 2 O (30:70, v/v) delivered at a flow rate of 1.0 mL/min. The injection volume was 20 μL. UV detection was performed at 250 nm at room temperature.
The Entrapment Efficiency Measurement
Microdialysis Experiment
The relative recovery was determined by immersing the MD probes in the stirred puerarin standard solution (ethanol-water, 2:8), which contained different concentrations of puerarin (0.5, 2.0, and 4.0 mg/mL) as the MD medium (C MM ). The probes were perfused with drug-free solution at a flow rate of 4 μL/min and the temperature was kept at room temperature. The concentration of puerarin in the microdialysate samples was determined using high-performance liquid chromatography (HPLC) (C MS ). The relative recovery (RR) of puerarin was calculated using the following equation (26):
For the EE determination, the MD probe was inserted into glass vials containing puerarin SME at room temperature. The flow rate was set at 4 μL/min −1 . After a 30-min equilibration period, the dialysate from the SME was collected at 20-min intervals and analyzed by HPLC. The total puerarin concentration was also measured by HPLC after dissolution of the puerarin SME. The EE was calculated according to the following equation:
where C T was the total concentration of puerarin and r was the ratio of the aqueous phase volume of the SME and the total volume.
Ultrafiltration Test
The free puerarin was determined in the ultrafiltrate after separation of the SME by UF and centrifugation through VIVASPIN 4 filters (molecular weight cutoff 10 kDa). There was nonspecific adsorption of the drug to the UF membrane. Therefore, it was necessary to determine the recovery (R′) by UF and centrifugation of the puerarin standard solution (ethanol-water, 2:8) containing different concentrations of puerarin (6, 8 , and 10 mg/mL). The recovery was calculated by the following equation:
where C T was the concentration of puerarin and C F was the concentration of puerarin in the ultrafiltrate. For EE determination, 4 mL puerarin SME was added into the VIVASPIN 4 and centrifuged for 1 h at 3,000 rpm. The concentration of puerarin entrapped in SME was calculated from the difference between the total and free drug concentrations, measured in the SME and in the ultrafiltrate. The EE was calculated as follows:
Ultracentrifugation Test
About 3 ml of SME was ultracentrifuged in a Hitachi ultracentrifuge (CS120GXL) at 162,000×g at 4°C for 1 h. The EE of the SME was determined by measuring the amount of puerarin (C W ) in the water layer obtained after UC. The EE was calculated according to the following equation:
The Release Characterization In Vitro of Puerarin Submicron Emulsion
Pressure Ultrafiltration Technology Test
An Amicon 8050 pressure UF cell fitted with a Millipore YM10 membrane was used (both obtained from Millipore). That 49 mL of release medium (ethanol-pH 7.4 phosphate buffer, 2:8), was placed into the Amicon cell, and 1 mL of the SME was injected into the cell while stirring (t=0). At predetermined time points, pressure was applied such that the flow rate of the ultrafiltrate was approximately 1 mL/min and sample was collected (after discarding the appropriate amount of solution). An equivalent amount of phosphate buffer was added to the release medium at each time point to maintain the total volume at 50 mL. A sample of the initial dispersion was used to calculate the extent of drug release. All operations were conducted at ambient temperature (22±2°C).
Microdialysis Test
For the in vitro release study, the MD probe was inserted into the receptor compartment containing dialysis medium (ethanol-pH 7.4 phosphate buffer, 2:8; 49 mL) at ambient temperature (22±2°C). The flow rate was set at 4 μL/min. After a 30-min equilibration period, puerarin SME (1 mL) was placed into the receptor compartment. The other dissolution conditions were equivalent to UF. The dialysate from the SME were collected at predetermined time intervals and analyzed by HPLC.
RESULTS AND DISCUSSION
Preparation and Size Distribution of SME In this study, puerarin was poorly soluble in soybean oil and slightly soluble in water. Puerarin phospholipid complexes were prepared in order to improve the lipophilicity of puerarin in the oil (27) . A concentration of 10 mg/mL puerarin in the emulsion was chosen for the preparation of the drug-loaded emulsion. No drug crystals were detected in the puerarin emulsion by microscope with an enlargement factor of 1,500. The homogenization was considered to be the crucial step that affected the particle size of the emulsion. High-pressure emulsification produced a more rapid reduction in particle size. The coarse emulsion was homogenized for 15 homogenization cycles applying individually 50 and 80 MPa at 25°C, samples were collected after two, four, six, eight, ten 12, and 15 cycles, respectively. Then, the mean droplet size, droplet size distribution, and presence drug crystal were determined. There was a slight decrease in mean particle size with increasing homogenized pressure and cycle times. The final particle sizes were lowest (188.14 nm; see Fig. 3 ) with no overprocessing on applying the highest pressure (80 MPa, 15 cycles). However, puerarin emulsion yielded at 80 MPa had a slightly broad distribution than others. Figure 3 showed the mean diameters of the emulsion. The data showed that just 50 MPa for eight to ten cycles appeared to be sufficient to yield the fine emulsion with small particle size and narrow distribution range.
To apply high-pressure homogenization technology, the small particle size (approximately 100-200 nm) of the emulsified oil droplets in the emulsion was obtained, which resulted in a sizeable interfacial surface area. There would be sufficient loading capability in the interfacial surface or oil droplet for puerarin.
Light Microscopy Analysis
PCS covered the size range of about 5 nm-3 μm, but it was limited to the detection of particles undergoing Brownian motion, so those particles larger than approximately 3 μm were undetectable. In addition, it was difficult to identify nonincorporated drug particles in an ivory-white emulsion and it could not differentiate between similarly sized droplets and drug crystals (28) . Accordingly, light microscopy was applied to examine puerarin emulsion with concentrations of 10 mg/mL; it was investigated whether there was the solid drug particles in the emulsion. In order to increase the probability of detecting the presence of even only a few solid drug particles, the puerarin emulsion was not diluted. Figure 4 showed that no drug crystals were found in the emulsion. 
Liposomes Micelles Size
The SMEs consisted of oil droplets in the submicron range together with small liposomes micelles because of an excess of lecithin (29) . The small liposomes micelles had closed bilayer structures. This result was an assembly in which the hydrophobic parts of the molecule were shielded from the aqueous solvent and the hydrophilic head groups were in maximum contact with them (30) . Therefore, liposomes micelles could encapsulate drug molecules in the aqueous phase (see Fig. 5 ). During the preparation of SME, a portion of the drug molecules in the oil phase passed into the aqueous phase, but some were free in the aqueous and the rest were intercalated into the liposomes micelles.
The liposomes micelles had a very low sedimentation velocity since their densities were only marginally different from those of the aqueous medium. It would be very difficult to separate the liposomes micelles from the aqueous phase by means of UC. At the end of the UC, the slightly turbid aqueous layer was collected for the particle size measurement. The mean particle diameter (n=3) was 49.3±5.46 nm, which was similar to those obtained for the small liposomes micelles dispersions. Similar vesicle sizes for liposomes micelles in aqueous phase of SME were consistent with the previous report (31, 32) .
Microdialysis and Ultrafiltration Recoveries
The recovery of the probe depended on many factors. The perfusion flow rate was an important factor, which defined the performance of a MD probe and directly influenced the recovery by the probe. The flow rate and the temperature were set as described earlier. At this perfusion rate, the relative recoveries of puerarin at concentrations of 0.5, 2.0, and 4.0 mg/mL were shown in Table I . It showed that the flow rate used in this study was in the upper limit of the range used for MD technique, but the puerarin concentrations (0.5, 2.0, and 4.0 mg/mL) had no effect on the relative recovery.
To calibrate the free puerarin concentrations for nonspecific adsorption by the filtration membrane, the UF recovery was carried out using the puerarin standard solution at three different concentrations (6, 8 , and 10 mg/mL) as described above. The UF recovery data were shown in Table I . The recovery results showed that the concentration of drug adsorbed by the UF membrane was less than 5%.
The drug concentration with nonspecific adsorption for MD was less compared with that for UF because of the smaller surface area of the membrane involved. The surface area of the MD membranes used in these experiments was much smaller than that of the UF membranes. If the membranes were similar with regard to the nonspecific adsorption sites, the UF membrane would bind more drug than the MD membrane. In addition, the dialysis samples were collected until a constant value was reached in order to eliminate any error due to nonspecific adsorption (33). Table II showed the EE of puerarin SME determined by means of the MD, UF, and UC techniques. The EE of SME was 86.5%, 72.8%, and 55.8% as determined by MD, UF, and UC, respectively. The results showed that the EE measured by MD was significantly different compared with those measured by UC and UF (p<0.05). It was thought that the drug concentration in microdialysate determined by MD was that of free drug in the aqueous phase. Although the determination principle of the UF method also involved a molecular weight cutoff, the liposomes micelles could pass through the filter membrane because of the compression of centrifugation force. So the amount of drug in the filtrate was that of the quantity of free drug and associated with the liposomes micelles in the aqueous phase. It was for this reason that the EE determined by UF was lower than that determined by MD.
The Entrapment Efficiency Study of Puerarin Submicron Emulsion
Additionally, with respect to UC technology, it was very difficult to separate liposomes micelles from the aqueous phase, and breakdown of the SME could occur during the UC process, which would result in the redistribution of the drug molecules. Some of drug molecules in the O/W interface would go into aqueous phase, which was responsible for the finding that the EE of each formulation evaluated by UC was lower than those determined by the other two methods.
It was concluded that MD was not suitable for EE measurements of puerarin submicron oil droplet, which could only determine the total EE of submicron oil droplet and liposomes micelles, but it could be applied to determine the amount of free drug in SMEs. There was one drawback to the UC approach, the redistribution caused by breakdown of the SMEs. UF was still the relatively accurate method for the EE determination of puerarin SME because it could separate the liposomes micelles from the puerarin SME.
The In Vitro Release Study of Puerarin from the Submicron Emulsion
To measure drug release from colloidal delivery systems, it was necessary to dilute the dispersion and monitor subsequent release of drug from the particles into the surrounding free solution. This was often not recognized in studies where methods such as equilibrium dialysis were employed. Consequently, release was often dictated by membrane transport effects, making it difficult to reconcile the results obtained in terms of release of drug from the delivery system. Pressure UF was utilized as the principal method in this study because it allowed the colloidal dispersion to be diluted directly in the release medium and also provided a "snapshot" of drug distribution between the colloidal particles and free solution at the time of filtration (34) . But because the puerarin emulsion contained small particle size liposomes micelles, the liposomes micelles might pass through the membrane into the filtrate under highpressure condition. Additionally, the little release medium was lost in sampling. These might result in the increase of drug release in vitro of puerarin emulsion. In this study, we tried to apply the MD technology to study the release in vitro of puerarin because the MD technology has some advantages to overcome the drawback of pressure UF. The liposomes cannot pass though the dialysis membrane. MD sampling did not change the net fluid balance in the surrounding matrix, so higher temporal resolution could be achieved than with pressure UF techniques. Also, because there was no net release medium loss, samples could be collected continuously for minutes or hours (35) . Due to the advantages of MD described above, the release in vitro of puerarin emulsion was studied by means of the MD and the pressure UF technology was used as a reference.
It was shown (Fig. 6 ) that the release of puerarin determined by MD was less (p<0.05) at 10 and 20 min compared with those determined by pressure UF technology. After 30 min, the release is not significantly different (p> 0.05) by MD and UF technologies. It could be because of the following reasons: The liposomes of puerarin emulsion passed through the UF membrane into the filtrate under high pressure at 10 and 20 min. Provided that the same amount of liposomes passed through the membrane at every UF, then that the amount of drug in the liposomes was decreasing with time. Following that more drug in the liposomes would pass through the membrane at 10 min than at 20 min, so the difference between UF and MD should be greater at 10 min than at 20 min. However, the puerarin in emulsion had been mostly released into the release medium after 30 min. Then, the liposomes that passed through the filtration membrane into the filtrate did not have a significant effect on the release 6 . Release of puerarin from a SME using the pressure UF method and MD at different levels of drug loading. Drug load in dispersions prior to dilution were 2.5, 5, and 10 mg/mL. Data was expressed as mean±SD (n=3) because the puerarin in the liposomes had been released mostly into the release medium. Drug release from puerarin SME at the three drug concentrations was initially rapid, but reached a plateau value within 30 min (Fig. 6) . The extent of release in all cases was around 80%; full release was not attained because the release medium was not an infinite sink. Drug loading did not influence the plateau value for the extent of release, which indicated that the release in these experiments was under partition control and the results obtained using this method were not concentration-dependent. A possible reason for this could be that the water-soluble surfactants used to prepare the SME were providing some solubilization of the drug in the surrounding aqueous solution. This would lead to partitioning of the drug in favor of the aqueous phase at equilibrium. The short time taken to achieve 80% release under nonsink conditions justified the conclusion that these systems were a burst release vehicle and that, in sink conditions, the drug release would be even more rapid. Drug release from the SME has previously been reported to occur via burst release. For example, release of diazepam (36) and miconazole (35) from a SME, determined using pressure UF, was found to be very rapid when sufficient sink condition was utilized.
CONCLUSION
In this study, puerarin SME was prepared. Puerarin emulsion could be produced with a drug loading as high as 10 mg/mL. Three different approaches were employed to estimate the EE of puerarin SMEs. The results showed that MD was not suitable for EE measurements of puerarin SME, but it could be applied to determine the amount of free drug in SMEs. There was one drawback to UC approach, the redistribution caused by breakdown of the SMEs. To puerarin SMEs, the redistribution resulted in significantly lower EE obtained by UC compared with those obtained by MD and UF. UF was still the relatively accurate method for EE determination of SME. The in vitro release results showed that pressure UF was a useful method which allowed elucidation of the drug release mechanism from SME, as it provided an instantaneous "snapshot" of drug distribution between the particles and free solution. Compared with pressure UF technology, MD can be more suitable to determine the drug release of SME containing some small nanoparticles phase such as liposomes micelles. The in vitro release of puerarin from the SME was under partition control and occurred via burst release assayed by means of MD and pressure UF technology.
